Immune challenge during pregnancy is associated with preterm birth and poor perinatal development. The mechanisms of these effects are not known. 5α-Pregnan-3α-ol-20-one (3α,5α-THP), the neuroactive metabolite of progesterone, is critical for neurodevelopment and stress responses, and can influence cognition and affective behaviours. To develop an immune challenge model of preterm birth, pregnant Long-Evans rat dams were administered lipopolysaccharide [LPS; 30 μg/kg/ml, intraperitoneal (IP)], interleukin-1β (IL-1β; 1 μg/rat, IP) or vehicle (0.9% saline, IP) daily on gestational days 17-21. Compared to control treatment, prenatal LPS or IL-1β reduced gestational length and the number of viable pups born. At 28-30 days of age, male and female offspring of mothers exposed to prenatal IL-1β had reduced cognitive performance in the object recognition task compared to controls. In females, but not males, prenatal IL-1β reduced anxiety-like behaviour, indicated by entries to the centre of an open field. In the hippocampus, progesterone turnover to its 5α-reduced metabolites was lower in prenatally exposed IL-1β female, but not in male offspring. IL-1β-exposed males and females had reduced oestradiol content in hippocampus, medial prefrontal cortex and diencephalon compared to controls. Thus, immune stress during late pregnancy reduced gestational length and negatively impacted birth outcomes, hippocampal function and central neurosteroid formation in the offspring.
Introduction
The relationship between challenges during gestation and foetal outcomes is important and needs to be better understood. Gestational stressors can negatively influence birth outcomes (Giurgescu 2009; Latendresse 2009 ), cognitive and/or emotional processes in the offspring (Talge et al. 2010; Kerstjens et al. 2011; Lind et al. 2011; Tanskanen et al. 2011 ) and vulnerability to neuropsychiatric disorders later in life (Taylor 1969; Newton 1986; Hadders-Algra et al. 1988; Hakulinen et al. 1988; Holst et al. 1989; Sfakianaki and Norwitz 2006; Petrini et al. 2009; Doyle and Anderson 2010) . Maternal neuroendocrine stress responses to immune insults are suppressed in late pregnancy (Brunton et al. 2005) ; nevertheless, maternal infection may still compromise birth outcomes. Viral infections during pregnancy have deleterious effects (Vrachnis et al. 2011) . In women, approximately 25-40% of preterm births (defined as delivery before 37 weeks of gestation) are associated with a maternal immune response and/or infection (Goldenberg et al. 2008) . Thus, understanding the effects that gestational immune challenge has on birth outcomes that are relevant for the survival of the foetus, as well as the long-term effects on the offspring, is important for improving the quality of life.
Among pregnant women, infections via bacteria that express the endotoxin, lipopolysaccharide (LPS), are associated with preterm birth (Romero et al. 1988) . Similar effects are observed in rodent models, wherein LPS has been demonstrated to elevate circulating concentrations of cytokines, including tumour necrosis factor-α, interleukin-1β (IL-1β) and interleukin-6 (IL-6; Ashdown et al. 2006; Xu et al. 2007 ) and to promote preterm birth (Elovitz and Mrinalini 2004) . The consequences of gestational immune challenge on the offspring may depend upon several factors including when the exposure occurs during gestation. Early in gestation, exposure to LPS is associated with foetal death and resorption (Gendron et al. 1990; Ogando et al. 2003) , whereas exposure to LPS in mid to late gestation is associated with foetal death and preterm delivery (Leazer et al. 2002; Xu et al. 2007; Zhao et al. 2008) . Different consequences of LPS exposure associated with gestational age indicate that hormonal factors may influence the sequelae associated with immune challenge.
Progesterone is essential for the successful maintenance of pregnancy. Immune challenge in early pregnancy may reduce progesterone formation, promoting termination of pregnancy (Erlebacher et al. 2004) . In rodents, pregnancy is characterised by increased secretion of progesterone by the corpora lutea that maintain progestogen levels. Some of the effects of progesterone on pregnancy may be mediated, in part, by its conversion to 5α-pregnan-3α-ol-20-one (tetrahydroxy-progesterone, or 3α,5α, also called allopregnanolone). Progesterone is converted to 3α,5α-THP by the sequential actions of 5α-reductase, which catalyses the reduction of progesterone to dihydroprogesterone (DHP), and 3α-hydroxysteroid dehydrogenase, which catalyses the hydroxylation of DHP to 3α,5α-THP. Unlike progesterone and DHP, 3α,5α-THP does not act at cognate, intracellular progestin receptors (Kontula et al. 1975; Iswari et al. 1986 ) and instead acts via γ-aminobutyric acid A (GABA A ) receptors (Majewska et al. 1986 ).
3α,5α-THP plays an important role in the development of the central nervous system. During early development, 3α,5α-THP promotes neuronal growth and later has neuroprotective actions, promotes cognitive function and has anti-anxiety effects. We have previously shown that restraint stress during late pregnancy [gestational day (GD) 17-20] reduces maternal hippocampal 3α,5α-THP levels (Frye and Walf 2004) . However, the effects of immune challenge with IL-1β during late pregnancy on birth outcomes and central progestogen formation in the offspring are not known.
In the present study, pregnant rat dams were exposed to LPS, IL-1β or saline on GD 17-21. Gestational length and the number of viable offspring born were assessed in each group. We hypothesised that endotoxin or cytokine exposure would reduce the duration of gestation and/or the number of surviving offspring. In humans, preterm birth is a leading cause of infant mortality and birth defects (Taylor 1969; McCormick 1985; Newton 1986; HaddersAlgra et al. 1988; Hakulinen et al. 1988; Holst et al. 1989; Sfakianaki and Norwitz 2006) . Among surviving children that are born preterm, pre-pubertal socio-cognitive and/or emotional impairments have been reported (Talge et al. 2010; Kerstjens et al. 2011; Lind et al. 2011 ) and some of these cognitive impairments may persist throughout life (Tanskanen et al. 2011) . Hence, we assessed cognitive and affective function of juvenile rats born to mothers that were exposed to cytokines during pregnancy at a critical time of hippocampal development. Perturbations in cognitive behaviour, dorsal hippocampus morphology and/or 3α,5α-THP formation in prefrontal cortex have been observed among juvenile rat offspring whose mothers were exposed to psychological stress during late pregnancy (Paris and Frye 2011 a, b) . We hypothesised that offspring that were gestationally exposed to immune challenge would demonstrate perturbed cognitive and affective profiles, concomitant with perturbed progesterone metabolism in the brain.
Materials and methods

Ethical approval
These methods were pre-approved by the Institutional Care and Use Committee at the University at Albany-SUNY and were conducted in accordance with ethical guidelines defined by the National Institute of Health Guide for the Care and Use of Laboratory Animals (NIH publications no. 80 23, revised 1978) .
Animals and housing
Primiparous, timed-pregnant, adult female Long-Evans rats (n = 21) purchased from Taconic Farms (Germantown, NY, USA) were used. Rats were packed on GD 14, shipped on GD 15 and were housed in a temperature (21 ± 1°C) and humidity controlled room in the Life Sciences Research Building Laboratory Animal Care Facility at the University at Albany-SUNY Rats were group-housed (3-4/cage) until GD 18, after which they were housed singly. Housing rooms were maintained on a reverse 12:12 h light:dark cycle (lights off at 08:00 h) with ad libitum access to Purina Rat Chow and water.
Evaluation of pregnancy status
To ascertain the pregnancy status and duration of gestation, all rats were handled, examined and weighed daily from GD 15 until the day of parturition. Pregnant rats demonstrated continued weight gain of more than 5 g/day throughout pregnancy, had visible teats and foetuses were palpable. Rats that weighed less than the others upon arrival, did not gain weight and did not appear to be pregnant (no palpable pups) were excluded from the study (n = 4). Rats that were heavier, gained weight upon arrival and appeared to be pregnant but began to lose weight after manipulations remained in the study. The cages of all rats were checked for pups hourly from 06:00 to 22:00 h daily from GD 18 to 23. The number of hours after 00:00 h on GD 18 that pups were first observed was recorded as the latency to deliver. The number of pups that were alive in the nest following the completion of parturition was counted and recorded as a measure of fecundity.
Procedure
Assessment of effects of immunological stressors on gestational outcomeDams were exposed to an immune insult to assess the contribution of prenatal infection on pregnancy outcome. Dams were administered an intraperitoneal (IP) injection of either the endotoxin, LPS (30 μg/kg/ml; Sigma-Aldrich Corp., St Louis, MO, USA; n = 5) or the cytokine, IL-1β (1 μg/rat; R&D Systems, Inc., Minneapolis, MN, USA; n = 8). LPS, administered during gestation, increases cytotoxic lymphocyte invasion, foetal necrosis, abortion and pup mortality during the first post-natal week (Glockner 1992) , while IL-1β stimulates the HPA axis in adult rats and, when administered during days 17-21 of pregnancy, it is reported to produce aberrations in the psychomotor development of offspring (Uehara et al. 1987; Gotz et al. 1993) . Control dams (n = 8) were administered a daily dose of vehicle of (0.9% saline injection IP; 0.1 ml/100 kg) on GD 17-21.
Phenotype of offspring-To minimise potential confounds of maternal behaviour influencing later outcomes (Weinstock 2005; Lonstein 2007; Moore 2007) , all pups were cross-fostered to non-manipulated dams at post-natal day (PND) 1 and litter sizes were kept constant such that all surrogate dams had 16-20 pups to care for following cross-fostering. Pups remained with surrogate dams until weaning at PND 21 and were housed with samesex conspecifics (n = 4-5/cage). Between PND 28 and 30, 2-4 pups were taken from each litter (in a counterbalanced manner), and hippocampal and cortical function was assessed by behavioural testing in the open field and object recognition tasks. Each litter represented an experimental group in the present study. As such, in each experimental group (control or IL-1β-exposed), 2-4 pups (one male and two females, two males and one female or two males and two females) were derived from the same litter. Among the noted effects of LPS are febrile response and, potentially, anorexia (Hopwood et al. 2009 ). As such, animals were checked for neurological status and weighed prior to testing; however, indications of sickness behaviour were absent and there were no significant differences in the body weight of offspring across groups.
Open field-
The open field test is a hippocampus-mediated, anxiety task (Herman et al. 1998; Lamprea et al. 2003; Edinger and Frye 2006; Walf and Frye 2007) , which was used according to previously published methods (Pellow and File 1986; Frye et al. 2000) . Briefly, the open field is an arena (76 × 57 × 35 cm), divided into a 48-square grid, that is located in a brightly lit room. Rats were placed in the lower right-hand corner and allowed to explore for 5 min. The number of entries made into all 48 squares (total entries), into the peripheral 24 squares (peripheral entries) and into the inner 24 squares (central entries) was recorded by the ANY-Maze tracking programme. Data are also assessed as a percentage of entries into the centre of the open field [(central entries/total entries) × 100] as an index of anxiety (Pellow and File 1986; Frye et al. 2000) .
Object recognition-The object recognition test is a working memory task that primarily relies on cortical functioning and, to a lesser extent, hippocampal functioning (Ennaceur et al. 1997; Broadbent et al. 2004 ). This task was used as modified from previously published methods (Ennaceur and Delacour 1988; Frye and Lacey 2001; Luine et al. 2003) . During training, rats were placed singly in an open field (76 × 57 × 35 cm) in a brightly lit testing room. Rats were allowed 3 min to explore the open field, which contained two identical, spherical, plastic objects in adjacent corners (plastic toys in the shape of oranges; 6 cm diameter). After training, rats were placed in a dark, sound-dampened room for 4 h. Following this interval, rats were returned to the open field; however, one of the spherical objects was replaced with a cone-shaped object (a plastic toy in the shape of a triangular buoy; 6.25 cm tall, 6 cm wide at base and 1 cm at apex). Rats were allowed to explore these objects for 3 min. Exploration of objects was recorded via ANY-maze (Stoelting, Chicago, IL, USA) animal tracking software. Although rats did not show a bias towards exploring objects on the right versus left side of the open field, placement of the novel object was counterbalanced across treatment groups and testing sessions to eliminate potential confounds of side preference. A greater percentage of time spent exploring the object in the novel location, as a function of the total amount of time spent exploring both objects during testing [duration spent with novel object/(duration spent with novel object + duration spent with familiar object) × 100], is considered an index of enhanced cognitive performance in this task.
Tissue collection-Offspring brains were collected via non-anaesthetised, rapid decapitation immediately upon completion of behavioural testing. Whole brains were rapidly removed from the skull and frozen on dry ice. Trunk blood was collected following rapid decapitation; serum was separated from clotted blood by centrifugation. All tissue was stored at −80°C until radioimmunoassay for oestradiol and progestogen levels.
Tissue preparation-The brains of offspring were thawed on ice. The hippocampus, medial prefrontal cortex and diencephalon were dissected as previously described (Frye and Rhodes 2006a, b) .
Radioimmunoassays for steroid hormones-Oestradiol, P, DHP and 3α,5α-THP concentrations were measured as described below, using previously reported methods (Choi and Dallman 1999; Frye and Bayon 1999) . Extraction of steroids from brain tissues-Oestradiol, progesterone, DHP and 3α, 5α-THP were extracted from brain tissues following homogenisation with a glass/glass homogeniser in 50% methanol (MeOH), 1 % acetic acid. Tissues were centrifuged at 3000g and the supernatant was separated by chromatography using Sepak cartridges equilibrated with 50% MeOH:1% acetic acid. Steroids were eluted with increasing concentrations of MeOH (50% MeOH followed by 100% MeOH). Solvents were removed using a speed drier. Samples were reconstituted in 350 μl assay buffer.
Radioactive probes-[
Antibodies-The oestradiol antibody (E#244, Dr G.D. Niswender, Colorado State University, Fort Collins, CO, USA), which generally binds between 40% and 60% of [ 3 H]oestradiol, was used at a 1:40,000 dilution and bound 54% in the present study. The progesterone antibody (P#337 from Dr G.D. Niswender, Colorado State University) used at a 1:30,000 dilution typically binds between 30% and 50% of [ 3 H]progesterone and bound 48% in the present study. The DHP (X-947) and 3α,5α-THP antibodies (#921412-5, purchased from Dr Robert Purdy, Veterans Medical Affairs, San Diego, CA, USA) used at a 1:5000 dilution binds between 40% and 60% of [ 3 H] 3α,5α-THP and bound 47% in the present study.
Set-up and incubation of radioimmunoassays-The range of the standard curves was 0-1000 pg for oestradiol and 0-8000 pg for progesterone, DHP and 3α,5α-THP. Standards were added to assay buffer followed by the addition of the appropriate antibody (described above) and [ 3 H]steroid. Total assay volumes were 800 μl for oestradiol and progesterone and 950 μl for DHP and 3α,5α-THP. All assays were incubated overnight at 4°C.
Termination of binding-Separation of bound and free steroid was accomplished by the rapid addition of dextran-coated charcoal. Following incubation with charcoal, samples were centrifuged at 3000g and the supernatant was pipetted into a glass scintillation vial with 5 ml scintillation cocktail. Sample tube concentrations were calculated using the logit-log method of Rodbard and Hutt (1974) ; interpolation of the standards and correction for recovery was calculated with the assay analysis programme, Assay Zap (Biosoft, Cambridge, UK). The inter-and intra-assay reliability co-efficients were oestradiol 0.07 and 0.06, progesterone 0.11 and 0.10, DHP 0.11 and 0.09 and 3α,5α-THP 0.09 and 0.09.
Statistical analyses-One-way analyses of variance (ANOVA) were used to assess differences in gestational outcomes on the time of birth (expressed in hours after GD 18 to parturition), fecundity (mean number of live pups per litter) and behavioural performance of offspring (open field and object recognition). ANOVAs were utilised to assess the endocrine status of offspring. A ratio of progestogen metabolites reduced from the parent hormone, progesterone (DHP + 3α,5α-THP: progesterone), was calculated per previous methods (Kellogg and Frye 1999; Paris and Frye 2011a) , as an index of metabolism. Fisher's Protected Least Significant Difference post hoc tests were utilised to determine group differences. When interactions were present, one-way ANOVAs with p value corrected for multiple comparisons were utilised to determine simple main effects. Data are shown as mean ± SEM. Alpha level for statistical significance was p ≤ 0.05.
Results
Immune challenge during late pregnancy reduces time to parturition and fecundity Affective behaviour was also influenced by prenatal cytokine exposure; albeit in a sexspecific manner. There was a significant interaction wherein IL-1β-exposed females made a significantly greater percentage [F(1,37) = 7.92, p < 0.05; Figure 3 ] or frequency [F(1,37) = 6.99, p < 0.05; Table I ] of entries into the centre of the open field compared to control females (p centre entry% = 0.0003; p centre entry frequency = 0.0006). However, no difference in central entries was observed between IL-1β-exposed, and control, males. Notably, sex differences in motor behaviour were observed among adolescent offspring, whereby females made significantly more total [F(1,37) = 6.89, p < 0.05] and peripheral [F(1,37) = 7.44, p < 0.05] entries in the open field than did males (Table I) .
Central steroid formation in hippocampus, medial prefrontal cortex and diencephalon is altered by prenatal maternal cytokine exposure Prenatal cytokine exposure affected 5α-reduced progesterone metabolite formation in the hippocampus of the offspring in a sex-dependent manner [F(1,37) = 3.976, p = 0.05]. The ratio of 5α-reduced metabolites, DHP + 3α,5α-THP to progesterone content, in the hippocampus was significantly lower in females that were prenatally exposed to IL-1β compared to that in control females (p = 0.04), with no difference between IL-1β-and vehicle-treated males (Figure 4) . However, there was a significant effect of prenatal IL-1β exposure on hippocampal concentrations of DHP [F(1,37) = 4.25, p < 0.05] in the males (Table II) . Hippocampal DHP content was significantly greater in the IL-1β-exposed, compared with control, males (p = 0.0003); however, there were no differences between IL-1β-treated and control females (Table II) . Concentrations of 3α,5α-THP in the hippocampus appeared reduced among females, and increased among males, with prenatal IL-1β exposure compared to controls. However, these differences were highly variable and did not reach statistical significance (Table II) .
In the medial prefrontal cortex, there was no effect of prenatal IL-1β treatment on progesterone, DHP or 3α,5α-THP concentrations in either the male or the female offspring. Progesterone concentrations were, however, found to be greater in the medial prefrontal cortex of females versus males [F(1,37) = 4.99, p < 0.05], regardless of prenatal treatment (Table II) .
Irrespective of sex, the content of progesterone [F(1,37) = 5.71, p < 0.05] and, to a greater extent, DHP [F(1,37) = 14.75, p < 0.05], in the diencephalon was greater in the prenatally exposed IL-1β offspring compared with that in control offspring (Table II) . As with the hippocampus, 3α,5α-THP content seemed to be lower in the diencephalon of IL-1β-exposed females and greater in the IL-1β-exposed males, compared with that in controls; however, this was not significant (Table II) . (Table III) . Females had significantly higher levels of oestradiol in the hippocampus [F(1,37) = 4.94, p < 0.05] than males (Table III) .
Discussion
The present findings support the hypothesis that immune stress via LPS, or IL-1β, in late gestation negatively impacts birth outcomes in rats. Overall, the length of gestation and the number of viable pups born were reduced among all immune-challenged dams, compared with that in controls. In addition, the hypothesis that IL-1β-exposed offspring would demonstrate perturbed cognitive and affective profiles, concomitant with perturbed progesterone metabolism in the brain was partially upheld. Irrespective of sex, object recognition performance was impaired in the offspring of IL-1β-exposed dams compared with that in the control offspring. These effects did not appear to be due to the differences in motor behaviour given that IL-1β exposure did not significantly alter total, or peripheral, entries in the open-field task. However, IL-1β did produce sex-dependent differences in affective-like behaviour as measured in the open field. IL-1β-exposed females made a significantly greater percentage of entries into the centre of the open field compared to control females, which may indicate reduced anxiety-type behaviour; however, differences in open field behaviour were not observed among the males. These data are consistent with emerging evidence for the protective effects of early adversity on some behavioral measures. Indeed, young adult male mice that were prenatally exposed to LPS have demonstrated reduced anxiety-type behavior in the elevated plus maze (Asiaei et al. 2011) . Notably, the open field does not provide a definitive measure of anxiety-type behaviour in rodents and future additional measures of anxiety (as well as measures of grooming, rearing and defecation in activity tasks) are warranted.
In addition to altered open field behaviour, IL-1β-exposed females had a significantly reduced ratio of 5α-reduced metabolites to their prohormone precursor, progesterone, in the hippocampus compared to the control females. These data indicate a reduced utilisation of progesterone in IL-1β-exposed females. Notably, IL-1β-exposed offspring also had significant increases in levels of progesterone and DHP (but not 3α,5α-THP) in the diencephalon. Unfortunately, repeated administration of LPS had high toxic effects given that only a few pups survived the treatment, precluding the possibility of examining the consequences of this treatment on neuroendocrine development. Future investigations should aim to assess lower dosages of LPS to mimic the poor perinatal development described in humans following in utero immune challenges. The present regimen may better approximate acute toxic effects during late gestational development with detrimental outcomes for pregnancy. Thus, immune stressors in late gestation can reduce gestational length and fecundity, and perturb later cognitive function and central progestogen formation in the offspring.
Several mechanisms may exist to induce preterm birth in response to immune stress. Activation of the foetal hypothalamic-pituitary-adrenal (HPA) stress axis may be a normative trigger for the onset of parturition. In humans, the foetal HPA is active in the second trimester and can respond independently of the maternal HPA axis (Gitau et al. 2001) . As the foetus grows within the uterine environment, activation of the foetal HPA axis, concurrent with mechanical stimulation of the uterine wall by the growing foetus, induces changes in the myometrium that enhance excitability and facilitate parturition (Mastorakos and Ilias 2003; Shynlova et al. 2009; Petraglia et al. 2010) . HPA activation, via endotoxin immune challenge, facilitates the release of proinflammatory cytokines (including IL-1β), partly in a corticotropin-releasing hormone (CRH) receptor-dependent manner (Theoharides et al. 1998; Agelaki et al. 2002) . The present investigation utilised the administration of LPS or IL-1β to mimic infection and consequent inflammation which may facilitate preterm birth (Mazor et al. 1994 (Mazor et al. , 1996 . In women 30% of preterm birth cases may be due to intra-amniotic infection (Romero et al. 1991) . As such, HPA activation in response to infection/inflammation may facilitate birth prior to term.
Another putative means for the induction of preterm birth in response to immune challenge may involve oxytocin secretion. In the rat, oxytocin (a potent stimulator of uterine contractions) is secreted in response to systemic administration of LPS (De Laurentiis et al. 2010a,b) or IL-1β (Wilson et al. 1996; Brunton et al. 2006) . IL-1β activates the neurohypophysial oxytocin system, at least in part, via brainstem noradrenergic projections that synapse in the supraoptic and paraventricular nuclei of the hypothalamus (Ericsson et al. 1994; Brunton et al. 2005) . Brainstem noradrenergic neurons also relay stimuli from the birth canal to the oxytocin neurons at parturition (Antonijevic et al. 2000; Russell et al. 2003) ; as such, premature activation of this pathway (and hence the oxytocin neurons) may increase the risk of preterm labour. In late pregnancy a 3α,5α-THP-dependent inhibitory opioid mechanism does indeed restrain the maternal oxytocin neurons such that the oxytocin secretory response to acute IL-1β administration is dampened ; however, it is not known whether this mechanism is overcome by repeated IL-1β exposure. The present data suggest that repeated administration of, or prolonged exposure to, LPS or IL-1β can facilitate preterm birth in rats, despite the reduced excitability of the oxytocin neurons to acute IL-1β administration .
In this study, surviving adolescent rat offspring that were exposed to gestational immune challenge had impaired cognitive function that may be related to foetal programming. Prenatal stress can impair limbic function in surviving offspring (Drago et al. 1999; Weinstock 2001; Schmitz et al. 2002; Frye and Wawrzycki 2003; Paris and Frye 2011a,b) . As in the present investigation, we have previously observed that late-gestational exposure to repeated restraint stress (Paris and Frye 2011a) , or chronic unpredictable stressors (Paris and Frye 2011b ) significantly reduces cognitive performance of peri-pubescent males and females concomitant with dysregulation of cortico-limbic neurosteroid formation. Although the concentrations of central steroids observed in the present investigation are lower than those reported in adult Long-Evans rats , they are commensurate with those previously observed in 28-30-day-old rats (Paris and Frye 2011a,b) . Total pregnane steroid content is reduced in the foetal brain compared to sexually mature adults; particularly when taking into consideration cyclical peaks in pregnane steroid content due to estrous cycle fluctuations (Kellogg and Frye 1999) . As such, we chose to observe neuroendocrine changes in juvenile rat offspring in the present study, so as to avoid activational steroid effects masking neuroendocrine changes that may have been promoted by prenatal cytokine exposure. Central actions of steroids, such as oestradiol, can promote progestogen neurosteroid formation (Micevych et al. 2008) . Oestradiol and the pregnane neurosteroid, 3α,5α-THP, have demonstrated trophic effects (Schumacher et al. 2000; Herson et al. 2009 ) and can facilitate object recognition in adult rodents (Vaucher et al. 2002; Luine et al. 2003; Walf et al. 2006) . Here, we found that gestational IL-1β exposure reduces oestradiol content in hippocampus, mPFC and diencephalon of the male and female offspring, and increases levels of P and DHP, but not their neuroactive metabolite, 3α,5α-THP, in the diencephalon, which may underlie some impaired cognitive function in the offspring. In support, others have observed an elimination of sex differences in aromatase and 5α-reductase activity in the hypothalamus of 10-day-old offspring that were subjected to late-gestational restraint (Reznikov et al. 2001; Reznikov and Tarasenko 2007) . Although the present investigation was limited in that steroid concentrations could not be assessed in circulation, we have assessed these measures in related studies and have found that circulating oestradiol content (mean ng/ml ± SEM) in 28-30-day-old offspring is low among those prenatally exposed to an oil vehicle (males = 4.7 ± 0.7, females 3.8 ± 1.1), 3α,5α-THP (males = 3.0 ± 0.6, females = 2.9 ± 0.8) or a 5α-reductase inhibitor (males = 2.9 ±1.1, females = 2.1 ± 0.4) on GD 17-21 (Paris et al. 2011 ). However, changes in central oestradiol content in response to prenatal cytokine exposure may be a reflection of changes in peripheral oestradiol synthesis, central oestradiol formation or both. Future studies are required to parse out the important steroid sources that underlie these effects.
The mechanism through which prenatal IL-1β exposure mediates the changes in central progesterone metabolism and reduced oestradiol levels in the offspring brain is unclear. Notably, environmental stress in adulthood has been shown to have sexually dimorphic effects on type-1 5α-reductase mRNA and protein levels in the prefrontal cortex of rats, with an increase in males and a decrease in females (Sánchez et al. 2009 ). Whether prenatal stress has similar effects remains to be elucidated. We also observed a loss of the typical sex difference in open field anxiety-type behaviour, wherein females exposed to IL-1β were observed to make a commensurate percentage of entries into the centre of a brightly lit open field as were males. This occurred concomitant with a reduction in the ratio of 5α-reduced metabolites to progesterone in hippocampus among females that were exposed to IL-1β compared to female controls. As such, the effects of gestational immune challenge on cognitive and open field anxiety-type behaviour of surviving offspring may be influenced by changes in steroid synthesising enzymes.
Whether there is a causative relationship between prenatal cytokine exposure and changes in progestogen synthesis in the pre-adolescent brain is of great interest, but is not yet understood. 3α,5α-THP and progesterone have neuroprotective effects (Schumacher et al. 2000; Sayeed and Stein 2009) and 5α-reduction is enhanced in a model of foetal hypoxic insult (Yawno et al. 2011) . Similarly, we found that prenatal IL-1β increased the percentage of central entries in the open field among females, and this behaviour occurred concurrent with greater progesterone utilisation in the hippocampus. Although within-group variation on behavioural measures was greater among IL-1β-exposed compared to control offspring, these data suggest a consistent relationship between central steroid formation and pre-adolescent function. However, it must be noted that causal relationships between prenatal cytokine exposure and steroid-dependent processes have not been delineated. These effects may be directly due to cytokine action, the glucocorticoid promoting effects of cytokines, and/or via another unknown process.
It is an important question as to what extent the observed effects of immune challenge on the offspring's phenotype are due to direct cytokine actions versus the consequences of being born prior to term (potentially due to glucocorticoid-promotion of cytokines). The release of maternal glucocorticoids may play a role and may influence cytokine exposure. Stress alone evokes the release of glucocorticoids (cortisol in humans and corticosterone in most rodents). However, glucocorticoids may also exert divergent effects to acutely enhance proinflammatory cytokine action and chronically potentiate the neuroinflammatory response to stressors (reviewed by Frank et al. 2011) . Excess corticosterone has teratogenic effects on the developing foetus (Setiawan et al. 2007; Kapoor et al. 2008 Kapoor et al. , 2009 ); however, there are 'in-built' mechanisms that act to buffer the effects of excessive levels of maternal glucocorticoid on the foetus(es). The placenta expresses the enzyme 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2), which inactivates corticosterone/cortisol, before it can cross the placental barrier (Seckl 1997) . However, as gestation progresses, placental expression of this enzyme decreases, such that by the final third of pregnancy, the foetus may become vulnerable to maternal glucocorticoid actions. Furthermore, chronic stress during the last week of pregnancy significantly reduces the activity of placental 11 β-HSD2 (Welberg et al. 2005) , decreasing the protective capacity of the placental barrier. As such, foetuses may be particularly vulnerable to repeated maternal stress via glucocorticoid release and/or subsequent inflammatory processes in late gestation. In addition, early parturition may indicate an underdeveloped central nervous system at the time of birth. The bloodbrain barrier can be compromised and this may facilitate central nervous system access via inflammatory, or damaging, molecules that would otherwise be precluded (Krizanac-Bengez et al. 2006; Willis and Davis 2008) . Indeed, activation of the foetal immune response has been postulated to underlie white matter brain damage in neonates (Malaeb and Dammann 2009 ). As such, maternal stress responses in late pregnancy may confer vulnerability to preterm birth and its consequences, in particular for brain damage or neurodevelopmental disorder. Cytokine exposure may directly facilitate preterm birth via inflammatory processes (Mazor et al. 1994 (Mazor et al. , 1996 , and may be indirectly facilitated via stress challenge.
The present model demonstrates face validity with consequences for the offspring of preterm birth. In pregnant women, preterm birth is defined as delivery before 37 weeks of gestation (approximately ≥10% reduction in the length of gestation). We observed that LPS treatment reduced gestation time in rats by ~ 18% and IL-1β treatment reduced gestation time in rats by ~10%. In light of these findings, the alterations in limbic functioning in the offspring of this (and prior reports) may be considered more salient than other paradigms that have been utilised. However, effects on postnatal development could not be assessed in LPS-exposed offspring given the apparent acute toxic effects of LPS on offspring survival. Future investigations should aim to utilise different dosages and routes of LPS administration to better mimic in utero infection resulting in offspring survival. Moreover, administration of IL-1β to pregnant rat dams is a less physiologically relevant approach than LPS administration, given that viral or bacterial infection during pregnancy is accompanied by induction of many pro-and anti-inflammatory cytokines/chemokines (beyond IL-1β alone) that contribute to sickness behaviour and associated immunological and neurological changes (Hagberg et al. 2005) . Future investigations should seek to selectively block proand anti-inflammatory immune modulators following LPS administration to elucidate the role of these factors in pregnancy outcome and postnatal development in a physiologically relevant model. Additionally, future studies will test the importance of the neuroactive steroids that were found to be reduced in the brains of offspring in the present report. In particular, pharmacological enhancement of 3α,5α-THP in the dorsal hippocampus has been demonstrated to regulate anxiety-type behaviour in adult male rats (Bitran et al. 2000) ; pharmacotherapies aimed at restoring progestogen formation may improve affective disorders associated with this, and other, models of preterm birth. Thus, the present report demonstrates in a rat model of immune challenge during late pregnancy that immunological stressors (LPS and IL-1β) can decrease gestation length, fecundity and/or cognitive/affective functioning in the pre-adolescent offspring. These manipulations would be justified to be replicated with different dosing and routes of administration and full behavioural characterisation on offspring, not only in pre-adolescence, but also at several ages throughout adulthood so that the generalisation, impact and conclusions of the present study can be extended. In particular, future investigations that include measures of cortico-limbic processing such as elevated plus maze, to assess anxiety, and contextual conditioning and/or Y-maze, to assess cognitive performance, would yield more definitive information regarding the neurobiological regions and constructs involved in these effects throughout the lifespan. Thus, these findings may provide a paradigm to investigate further the factors involved in preterm birth and its sequelae. Length of gestation and viable pups born. (A) The mean length of gestation expressed as the number of hours after 00:00 h on GD 18 (mean ± SEM) that preceded parturition in dams administered either IL-1β (1 μg/rat daily, n = 8), LPS (30 μg/kg daily, n = 5) or vehicle (0.9% saline, n = 8) on GDs 17-21. * Indicates significant difference from control rats, p < 0.05. (B) The mean number of pups/litter present at parturition born to dams administered either IL-1β (1 μg/rat daily, n = 8), LPS (30 μ/kg daily, n = 5) or vehicle (0.9% saline, n = 8) on GDs 17-21. * Indicates significant difference from control rats in one-way ANOVA, p < 0.05. Object recognition test and cognitive function. Percentage of time spent investigating a novel object (mean ± SEM) in the object recognition task among pubertal male and female offspring whose mothers were exposed to IL-1β (1 μg/rat daily, males n = 9, females n = 8) or vehicle (0.9% saline, males n = 12, females n = 12) on days 17-21 of gestation.
Indicates significant main effect in two-way ANOVA for IL-1β-exposed offspring to differ from control offspring, p < 0.05. Open field test and anxiety-like behaviour. Number of entries (mean ± SEM) into the centre of an open field in pubertal male and female offspring that were exposed prenatally to IL-1β (1 μg/rat daily, males n = 9, females n = 8) or vehicle (0.9% saline, males n = 12, females n = 12) on days 17-21 of gestation. * Indicates significant interaction in two-way ANOVA, wherein IL-1β-exposed females differ from control females, p ≤ 0.05. Progesterone utilisation in the hippocampus. Hippocampus progesterone (P) utilisation (ratio of the P metabolites, DHP + 3α,5α-THP, to the prohormone, P) among pubertal male and female offspring exposed prenatally to IL-1β (1 μg/rat daily, males n = 9, females n = 8) or vehicle (0.9% saline, males n = 12, females n = 12) on days 15-21 of gestation. * Indicates significant interaction in two-way ANOVA, wherein IL-1β-exposed females differ from control females, p ≤ 0.05.
